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a  b  s  t  r  a  c  t
In the  present  work  the effects  of  N-methylation  and N-amidination  of  ampholytic  cyclic  ˇ-amino  acids
on  their  retention  and  enantioseparation  characteristics  on  Cinchona  alkaloid-  and  sulfonic  acid-based
zwitterionic  chiral  selectors,  namely  Chiralpak  ZWIX(+)TM and  ZWIX(−)TM columns  are  described.  In a
polar-ionic  mobile  phase,  a double  ion-pairing  interaction  mechanism  takes  place  between  the  charged
sites  of the  chiral  analytes  (the  selectands)  and  the  chiral  selector  moieties.  As a support  to correlate
the  chromatographic  results  with  the  structural  details  of the  analytes,  pKa values  and  van der  Waals
volumes  of the  substituted  amino  groups  were  calculated.
In  order  to ensure  better  understanding  of the mechanistic  details  of the  chromatographic  system  the
composition  of  the bulk  solvent,  the role  of  acid base  additives,  the  concentration  of  the counter-ions,
temperature  and  the  structures  of the  ampholytic  analytes  have  been  investigated.  Applying  N-Fmoc  pro-witterionic ion-exchanger selectors
emperature behavior
tection, the  ampholytic  character  of  the  analytes  diminished,  leading  to a marked  loss  of  retention.  In  the
temperature  range  studied  (5–40 ◦C) thermodynamic  parameters,  such  as  the  difference  in  the  standard
enthalpy  change  (H◦), entropy  (S)  and  Gibbs  energy  (G◦) were  calculated  from  linear  van’t
Hoff  plots  derived  from  the  ln ˛ vs.  1/T curves.  The  values  of  the  thermodynamic  parameters  depended
on  the  structures  of the chiral  selectors  applied  and  the  analytes  studied.
© 2017  Elsevier  B.V.  All  rights  reserved.. Introduction
Cyclic ˇ-amino acids have been intensively investigated due to
heir potential biological activity and beneﬁts in synthetic chem-
stry. (1R,2S)-2-Aminocyclopentanecarboxylic acid (cispentacin) –
he simplest carbocyclic ˇ-amino acid – is an antifungal antibi-
tic [1]. Moreover, it can also be found in the structures of some
atural products, e.g. amipurimycin [2]. On the other hand, (1R,2S)-
-amino-4-methylenecyclopentanecarboxylic acid (icofungipen,
 Selected paper from 45th International Symposium on High Performance Liquid
hase Separations and Related Techniques (HPLC 2017), 18–22 June 2017, Prague,
zechia.
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ttps://doi.org/10.1016/j.chroma.2017.12.070
021-9673/© 2017 Elsevier B.V. All rights reserved.PLD-118) [3], its methylene derivative, is active in vitro against Can-
dida species. Cyclic ˇ-amino acids can also serve as building blocks
for the synthesis of modiﬁed peptides. These compounds may  have
increased activity and stability [4,5] and their well-deﬁned three-
dimensional structures (foldamers) are similar to those of natural
peptides (e.g., ˇ-peptides with possible antibiotic activity) [6,7].
Cyclic ˇ-amino acids can also be used in heterocyclic [8,9] and
combinatorial [10,11] chemistry. However, the present chiral N-
methylated and amidinated cyclic ˇ-amino acids as depicted in
Table 1 have not yet been characterized for their biological activity,
but as a starting point will be a subject for investigations of structure
– retention – resolution – relationships in enantioselective liquid
chromatographic systems.High-performance liquid chromatographic (HPLC) separations
and recognitions of diverse amino acid enantiomers are com-
monly performed by both direct and indirect methods. In the past
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Table  1
Structure of analytes studied.
Structure R1 R2 Compound number pKaa van der Waals volumeb
H H 1 10.58 22.44
H  CH3 2 10.55 37.74
CH3 CH3 3 10.09 55.22
H  C(NH)NH2 4 7.73 52.83
H  Fmoc 5 – 194.60
CH3 Fmoc 6 – 211.99
H H 7 10.58 22.44
CH3 CH3 8 10.09 37.74
H H 9 10.58 22.44
H  CH3 10 10.63 37.74
CH3 CH3 11 10.20 55.22
H  C(NH)NH2 12 7.81 52.83
H  Fmoc 13 – 194.60
CH3 Fmoc 14 – 211.99
H H 15 10.58 22.44
H  CH3 16 10.63 37.74
CH3 CH3 17 10.20 55.22
H  Fmoc 18 – 194.60
CH3 Fmoc 19 – 211.99
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la pKa of the substituted amino group (calculated with MarvinSketch v. 17.28).
b van der Waals volume of the substituted amino group (calculated with MarvinS
ecade, new types of chiral derivatizing agents and chiral stationary
hases (CSPs) have been introduced for this aim and were reviewed
ecently in numerous papers [12–16].
In the present paper a direct HPLC method development is
escribed for the separation of the stereoisomers of a series of
mpholytic N-substituted cyclic ˇ-amino acids using zwitterionic
hiral selectors (SOs) based on a weak anion-exchange site origi-
ating from Cinchona alkaloids, namely quinine (QN) and quinidine
QD), and a strong cation-exchange site originating from (R,R)- and
S,S)-trans-aminocyclohexanesulfonic acid moieties (Fig. 1). These
hiral selectors and CSPs are primarily applied with slightly acidic
olar ionic (PI) mobile phases containing organic bases and acids
o generate retention and enantioseparation via a simultaneously
ccurring double-ion pairing binding mechanism due to electro-
tatic interactions of all the charged sites [17].
In chiral chromatography the observed enantioselective reten-
ion is affected by “achiral” and “chiral” adsorption and binding
ncrements which can change appreciably with temperature [18].
hus, as reported by several authors [19–24], optimization of the
olumn temperature is essential in enantioselective HPLC separa-
ions. The thermodynamic characteristics of the chromatographic
rocess and the mechanistic properties of chiral recognition can be
xpressed by means of the van’t Hoff equation and the correspond-
ng (H◦) and (S◦) values for the separated enantiomers can
e determined [25]:
n  ˛ = − (H
o)
RT
+  (S
o)
R v. 17.28).
where  is the selectivity factor ( = k2/k1), (H◦) and (S◦) are
the difference in standard enthalpy and standard entropy change
of the two enantiomers, R is the universal gas constant and T is tem-
perature (given in Kelvin). If (H◦) is invariant with temperature,
a plot of R ln  ˛ vs 1/T  has slope −(H◦) and intercept (S◦).
Since no differentiation between the selective and non-selective
sites is done, this interpretation will lead to apparent changes in
standard enthalpy and entropy values, in which the respective con-
tributions of the chiral and achiral interactions are combined. For
a more realistic approach, the contribution of the enantioselective
and non-selective sites should be distinguished [26].
On the basis of the chromatographic data the effects of the
speciﬁc structural features and physico-chemical characteristics
of the systematically varied analytes (summarized in Table 1) on
the retention factors and enantioselectivity values are discussed
whereby the elution sequences of the individual enantiomers were
determined in most cases.
2. Experimental
2.1. Chemicals and reagents
Enantiomeric cis-ˇ-amino acids were synthesized through
CAL-B-catalyzed ring cleavage of the corresponding ˇ-lactams
[27,28], while their trans counterparts were prepared using
CAL-B-catalyzed enantioselective hydrolysis of the correspond-
ing ˇ-amino acid esters [29]. ˇ-Amino acids thus obtained
(Table 1) were N,N-dimethylated using a formic acid–formaldehyde
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mFig. 1. Structures of Chiralpa
ixture as described in [30]. Some selected ˇ-amino acids were
lso amidinated with 2-methyl-2-thiopseudourea sulfate accord-
ng to Larsen et al. [31]. These compounds can also be termed as
yclic ˇ-guanidino acids. Fmoc protection was performed accord-
ng to a literature method [32]. All transformations into the desired
-substituted ˇ-amino acids took place without a drop in their
nantiomeric excess values.
Methanol (MeOH), acetonitrile (MeCN) of HPLC grade, diethy-
amine (DEA), triethylamine (TEA), formic acid (FA) and glacial
cetic acid (AcOH) of analytical reagent grade were from VWR  Inter-
ational (Radnor, PA, USA). Ultrapure water was obtained from
ltrapure Water System, Puranity TU UV/UF (VWR International,
euven, Belgium).
.2. Apparatus and chromatography
Measurements were performed on a 1100 Series HPLC system
rom Agilent Technologies (Waldbronn, Germany), consisting of a
olvent degasser, a pump, an autosampler, a column thermostat,
 multiwavelength UV–vis detector, and a corona charged aerosol
etector (CAD) from ESA Biosciences, Inc. (Chelmsford, MA,  USA).
ata acquisition and analysis were carried out with ChemStation
hromatographic data software from Agilent Technologies. Anal-
ses were also performed on a Waters chromatographic system
onsisting of a M600 pump and a 2996 PDA detector (Waters Chro-
atography, Milford, MA,  USA) connected to a Jasco 2031 Plus
efractive index (RI) detector (Jasco Tokyo, Japan). Data acquisi-
ion was realized with Empower 2 data manager software (Waters
hromatography).
The Chiralpak ZWIX(+)TM and ZWIX(−)TM chiral columns
150 × 3.0 mm I.D., 3 m particle size for both columns), were gen-
rous gifts from Chiral Technologies Europe (Illkirch, France).
Stock solutions of selectands (SAs) (1 mg  ml−1) were prepared
y dissolution in the mobile phase. The dead-times (t0) of the
olumns were determined by application of a methanolic solution
f acetone. The ﬂow rate was set to 0.6 ml  min−1 and separations
ere achieved in the temperature range 5–40 ◦C.
. Results and discussion
.1. Effects of mobile phase composition on chromatographic
arameters
In PI mode mixtures of MeOH as a protic and MeCN as polar
protic solvent in combination with acid and base additives ensure
he best enantioseparation with the applied zwitterionic CSPs. The
ffect of bulk solvent composition on the chromatographic param-
ters was studied in MeOH/MeCN (80/20, 60/40 and 40/60 v/v)
obile phase systems containing 25 mM TEA and 50 mM FA.X(+)TM and ZWIX(−)TM CSPs.
An increase in MeCN content in the mobile phase was found to
result in increased retention factors. Furthermore, both the selec-
tivity and resolution increased in most cases (Fig. 2). As Fig. 2 shows,
when the MeCN content in the mobile phase was  changed from
20 to 60 v%,  there were only slight increases in the k1 values on
both ZWIX(−)TM in the cases of SAs 3 and 17,  and ZWIX(+)TM in
the cases of SAs 3, 15,  16 and 17.  The selectivity values of SAs 12,
15, 16 on ZWIX(−)TM and those of 4, 12 on ZWIX(+)TM increased
monotonously. In contrast, only minimal changes in  were found
for other SAs investigated. RS values increased on both CSPs with
increasing MeCN content (exceptions were SAs 1, 3 and 17 on
ZWIX(−)TM and 1 and 3 on ZWIX(+)TM). The observed chromato-
graphic behavior can be explained by taking into consideration
the properties of the solvents and SAs. The increased retention
observed for the studied SAs in MeCN-rich mobile phases can
likely be explained by a decreased solvation shell of the ionized
compounds which enforces the electrostatic attraction due to the
reduced distances of the involved charged sites. In other words,
solvation of polar compounds at higher MeCN content is less effec-
tive with the consequence of the formation of stronger electrostatic
interactions, resulting in higher retention as a general trend. A
more detailed discussion on the observed effects of the structural
features of the analytes will be made in a separate chapter. In sum-
mary, making a compromise between the analysis time and the
resolution of the enantiomers most of the measurements were per-
formed using a mobile phase composition of MeOH/MeCN 60/40 v/v
containing 25 mM TEA and 50 mM FA.
3.2. Inﬂuence of counter-ion concentration on retention
For both anion- and cation-exchange type SOs under polar-
ionic conditions, the retention can be conveniently regulated by
changing the respective counter-ion concentration. The counter-
ions present in the mobile phase act as competitors for the ionic
functional groups of the SO and SAs. In such cases, the retention
can be described by the simple displacement model [33]. The plot
of log k vs. log c gives a linear correlation, where the slope of the
straight line is proportional to the effective charge involved in the
ion-exchange.
In order to gain a deeper insight into the details of the retention
mechanism in the cases of the ZWIX(+)TM and ZWIX(−)TM columns,
the effects of counter-ion concentration for 1, 2, 3, 4, 9, 10,  11,  12,
13 and 14 were investigated in the MeOH/MeCN 60/40 v/v mobile
phase system containing TEA and FA. (The selected SAs have cis
or trans conﬁguration with cyclopentane or cyclohexane skeleton).
The concentrations of FA and TEA were varied from 12.5 mM  up
to 200 mM and from 6.25 mM up to 100 mM,  respectively, while
the acid to base ratio was  maintained at 2:1. The correspond-
ing data are collected in Fig. 3. The results on both ZWIX(+)TM
and ZWIX(−)TM columns show that increasing counter-ion
T. Orosz et al. / J. Chromatogr. A 1535 (2018) 72–79 75
Fig. 2. Effect of bulk solvent composition on k1 ,  ˛ and RS for SAs 1, 2, 3, 4, 12, 15, 16 and 17.
Chromatographic conditions: columns, ZWIX(+)TM and ZWIX(−)TM; mobile phase, MeOH/MeCN (80/20, 60/40, 40/60 v/v) containing 25 mM TEA and 50 mM FA; ﬂow rate,
0.6  ml min−1, detection, corona detector; temperature, ambient
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hromatographic conditions: columns, ZWIX(+)TM and ZWIX(−)TM; mobile phase, M
he  FA/TEA ratio being kept at 2:1; ﬂow rate, 0.6 ml  min−1, detection, corona detect
oncentrations result in reduced retention factors, as expected from
he displacement model. The slopes of the plots ranged between
.12-0.41 on ZWIX(+)TM and 0.18–0.33 on ZWIX(−)TM, respectively.
hese results are in accordance with the data obtained by study-
ng non- and N-methylated carbocyclic ˇ-amino acids, indicating
he existence of two pairs of electrostatic interaction mechanisms
etween the zwitterionic (ampholytic) SO and the ampholytic SAs
34].
.3. Effects of the N-substitution pattern of the analytes on their
hromatographic behavior
As expected the change of the substitution pattern of the
mino group of the SAs will inﬂuence their retention behavior ands (k1) for SAs 1, 2, 3, 4, 9, 10,  11,  12, 13 and 14.
/MeCN 60/40 v/v containing 12.5–200 mM FA and 6.25–100 mM TEA, respectively;
perature, ambient, 25 ◦C
the chiral recognition. In order to investigate pragmatically the
structure–retention and selectivity relationships, the same mobile
phase composition MeOH/MeCN 60/40 v/v containing 25 mM TEA
and 50 mM FA was  applied. The generated chromatographic param-
eters of all the SAs depicted in Table 1, are summarized in Table 2.
Based on these data the following conclusions can be drawn.
(i) With an increase of the degree of substitution (methy-
lation) of the amino group and thus the size and the van der
Waals volume/radius of this basic site the k values decreased
signiﬁcantly. Consistently for all SAs and for both CSPs the k1
values were markedly smaller for N-methylated, followed by the
N,N-dimethylated cyclic ˇ-amino acids compared to the non-
substituted ones with a primary amino group. The N-amidino
substitution, although the van der Waals volume is similar to the
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Table 2
Chromatographic data, k1 , ˛, RS and elution sequence of N-substituted cyclic ß-amino acids on ZWIX(+)TM and ZWIX(−)TM CSPs.
Structure Number R1 R2 Column k1  RS Elution sequence
1 H H ZWIX(+)TM 4.07 1.00 0.00 –
ZWIX(−)TM 4.23 1.04 0.31 1S,2R < 1R2,S
2 H CH3 ZWIX(+)TM 2.43 1.69 7.03 1S,2R < 1R,2S
ZWIX(−)TM 2.63 1.72 6.30 1R,2S < 1S,2R
3 CH3 CH3 ZWIX(+)TM 3.41 2.34 9.25 1R,2S < 1S,2R
ZWIX(−)TM 2.18 2.22 5.88 1S,2R < 1R,2S
4 H C(NH)NH2 ZWIX(+)TM 3.02 2.40 8.49 1S,2R < 1R,2S
ZWIX(−)TM 1.95 2.26 4.90 1R,2S < 1S,2R
5 H Fmoc ZWIX(+)TM 0.15 1.00 0.00 –
ZWIX(−)TM 0.14 1.00 0.00 –
6 CH3 Fmoc ZWIX(+)TM 0.05 1.00 0.00 –
ZWIX(−)TM 0.11 1.00 0.00 –
7 H H ZWIX(+)TM 4.51 1.14 0.95 1R,2R < 1S,2S
ZWIX(−)TM 4.58 1.06 0.40 1S,2S < 1R,2R
8 CH3 CH3 ZWIX(+)TM 1.98 1.37 2.19 1R,2R < 1S,2S
ZWIX(−)TM 1.46 1.41 1.67 1S,2S < 1R,2R
9 H H ZWIX(+)TM 3.79 1.19 1.42 1R,2S < 1S,2R
ZWIX(−)TM 4.09 1.33 1.85 1S,2R < 1R,2S
10 H CH3 ZWIX(+)TM 2.17 1.50 3.17 1S,2R < 1R,2S
ZWIX(−)TM 2.55 1.40 2.23 1R,2S < 1S,2R
11 CH3 CH3 ZWIX(+)TM 2.75 2.63 8.65 1R,2S < 1S,2R
ZWIX(−)TM 1.79 2.19 4.33 1S,2R < 1R,2S
12 H C(NH)NH2 ZWIX(+)TM 2.62 2.84 11.90 a
ZWIX(−)TM 1.68 2.18 4.57 a
13 H Fmoc ZWIX(+)TM 0.10 1.00 0.00 –
ZWIX(−)TM 0.13 1.00 0.00 –
14 CH3 Fmoc ZWIX(+)TM 0.05 1.00 0.00 –
ZWIX(−)TM 0.09 1.00 0.00 –
15 H H ZWIX(+)TM 4.83 1.10 0.64 1R,2R < 1S,2S
ZWIX(−)TM 2.59 2.32 5.01 1S,2S < 1R,2R
16 H CH3 ZWIX(+)TM 2.64 1.91 5.04 1R,2R < 1S,2S
ZWIX(−)TM 2.80 2.25 5.00 1S,2S < 1R,2R
17 CH3 CH3 ZWIX(+)TM 0.81 1.11 0.56 1R,2R < 1S,2S
ZWIX(−)TM 0.58 1.00 0.00 –
18 H Fmoc ZWIX(+)TM 0.10 1.00 0.00 –
ZWIX(−)TM 0.07 1.00 0.00 –
19 CH3 Fmoc ZWIX(+)TM 0.06 1.00 0.00 –
ZWIX(−)TM 0.10 1.00 0.00 –
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etection, corona detector.
a Enantiomers not available.
,N-dimethylamine group, led to a signiﬁcantly higher enantiose-
ectivity, which might be caused by an additional hydrogen bonding
ncrement on top of the electrostatic interaction. The increase of the
an der Waals volume is accompanied by a reduced basicity of the
ubstituted amino group (see Table 1).
The lowest k values were obtained in the case of Fmoc-protected
As which is of no surprise as the basicity of the amino group is
liminated via Fmoc protection. As a consequence, the double ion-
airing interaction mechanism is not possible anymore which is
ombined with a total loss of enantioselectivity. (ii) For the stere-
selective resolution of the diverse SAs it can be assumed that the
verall steric peculiarities of the SAs and SOs have a strong inﬂuence
n the effective SO-SA interactions.
In this context it became evident that the N-monomethylated
As followed by the N,N-dimethylated SAs led to higher  values
ompared to the corresponding primary amino acids. The highest
nantioselectivity values, however, were observed for the amidi-
ated amino acids (guanidino acids), which is most probably caused
y the special property of the guanidino group, which might facili-
ate an additional hydrogen bonding towards the acidic site of the
O. This ﬁnding is remarkable and deserves special attention on/MeCN (60/40 v/v) containing 25 mM TEA and 50 mM FA; ﬂow rate, 0.6 ml  min−1;
the property of the guanidino group. Comparing the SAs contain-
ing cyclopentane or cyclohexane skeleton, the trends are the same
considering k1 and  values.
Again the cis or trans conﬁguration and the degree of substitu-
tion exert a marked inﬂuence on retention and enantioselectivity.
For compounds with trans conﬁguration, k1 values were higher on
both CSPs. The steric arrangement in trans-isomers probably favor
more tight interactions with both the cationic and anionic sites of
the SO. It should be mentioned that the trend in the change of k1 and
 values was  similar for SAs with either cis or trans conﬁguration.
Comparing the two  zwitterionic SOs, the ZWIX(−)TM CSP was
more selective for the separation of the studied SAs in most cases,
providing higher k1,  and RS values. However, for the N-amidino
SAs the ZWIX(+)TM afforded more effective separations.
3.4. Enantiomer elution order of non-methylated, N-methyl-,
N,N-dimethyl- and N-amidino – modiﬁed cyclic ˇ-amino acid
enantiomers
The Chiralpak ZWIX(+)TM and ZWIX(−)TM CSPs possess,
respectively, a QN and QD sub-structure element coupled
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Fig. 4. Selected chromatograms for 2, 4, 8, 9, 10,  12,  15 and 16.
Chromatographic conditions: column, for 2, 4 and 12 ZWIX(+)TM, for 8, 9, 10,  15 and 16 ZWIX(−)TM; mobile phase, for 2, 4, 8, 10,  12,  15 and 16 MeOH/MeCN 60/40 v/v containing
25  mM TEA, 50 mM FA, exept for 9 it was MeOH/MeCN 60/40 v/v containing 6.25 mM TEA, 12.5 mM FA; ﬂow rate, 0.6 ml  min−1; detection, corona detector; temperature, for
8,  9, 10,  15 and 16,  25 ◦C, for 2 and 4, 5 ◦C, for 12,  30 ◦C.
Table 3
Thermodynamic parameters, (H◦), (S◦), Tx(S◦)298K, (G◦)298K, correlation coefﬁcients, (R2) and Q values of free-, N-methyl-, N-dimethyl- and N-amidino
substituted cyclic ˇ-amino acids on ZWIX(−)TM and ZWIX(+)TM columns.
Analyte −(H◦) (kJ mol−1) −(S◦) (J mol−1 K−1) Correlation coefﬁcients (R2) −Tx(S◦)298 K (kJ mol−1) −(G◦)298 K (kJ mol−1) Q
ZWIX(+)TM
2 3.0 5.8 0.986 1.7 1.3 1.7
3  3.3 3.9 0.989 1.2 2.1 2.8
5  1.2 1.9 0.960 0.6 0.6 2.0
9  0.7 0.9 0.998 0.3 0.4 2.3
10  3.2 7.4 0.989 2.2 1.0 1.5
11  4.2 5.7 0.979 1.7 2.5 2.5
13  0.9 2.0 0.980 0.6 0.3 1.5
ZWIX(−)TM
1 −1.2 −4.5 0.998 −1.3 0.1 0.9
2  2.5 4.3 0.992 1.3 1.3 1.9
3  2.1 0.4 0.977 0.1 2.0 21
5  −0.3 −2.8 0.988 −0.8 0.6 0.4
11  2.3 0.9 0.992 0.1 2.0 23
15  0.9 0.8 0.995 0.2 0.7 4.5
16  4.1 6.7 0.999 2.0 2.1 2.1
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etection, corona detector; R2, correlation coefﬁcient of van’t Hoff plot, ln  ˛ vs 1/T c
hrough a carbamoyl functionality with (S,S)- and (R,R)- 2-
minocyclohexanesulfonic acid (see Fig. 1). These SOs are
iastereoisomers, but they often behave as so-called pseudo-
nantiomers. Similarly behave the corresponding CSPs. This
roperty makes these CSPs and chiral columns very useful and
ffective in enantiomeric excess determinations as the enantiomers
an be made to elute in a reversed order upon changing from
he pseudo-enantiomeric QN- to the QD-based CSP. Indeed, the
bserved elution order (illustrated in Table 2) determined in most
ases (except for the guanidino acids) was reversed in every case
n switching from ZWIX(+)TM to ZWIX(−)TM (when enantiosepa-
ation could be achieved). On ZWIX(+)TM the sequence of elution
or SAs 2 and 10 was found to be S,R < R,S, while for SAs 3 and 11
he elution order was R,S < S,R. For SAs 7, 8, 15 and 16,  the sequence
f elution was found to be R,R < S,S. The elution sequences were
pposite on ZWIX(−)TM, i.e. R,S < S,R for SAs 2 and 10,  S,R < R,S for
As 3 and 11,  and S,S < R,R for SAs 7, 8, 15 and 16.  It should be men-
ioned that the enantiomers of analyte 1 could be separated only
n ZWIX(−)TM, while the enantiomer separation of analyte 17 was
uccessful only on ZWIX(+)TM (Table 2). As control experiments the
eparations of Fmoc-substituted SAs was unsuccessful in all cases.
elected chromatograms are depicted in Fig. 4.H/MeCN (60/40 v/v) containing 25 mM TEA, 50 mM FA; ﬂow rate, 0.6 ml  min−1,
; Q = (H◦)/298 x (S◦).
3.5. Effects of temperature and thermodynamic parameters
In order to investigate the effects of temperature on the chro-
matographic parameters, a variable-temperature study was  carried
out for all SAs on the ZWIX(+)TM and ZWIX(−)TM CSPs over the
temperature range 5–40 ◦C. To simplify the presentation of the
experimental data, Table S1 contains only the values of SAs 1, 2, 3,
4, 9, 10, 11, 12, 15 and 16,  applying the mobile phase MeOH/MeCN
60/40 v/v containing 25 mM TEA and 50 mM FA, achieving partial
or baseline resolution. In most cases, retentions decreased with
increasing temperature. Transfer of the SA from the mobile phase
to the stationary phase is ordinarily an exothermic process, k1
decreases with increasing temperature. Exceptions, that is increas-
ing k1 with increasing temperature were found for SAs 1, 4, and
12 on ZWIX(−)TM. Characteristically, changes observed in selectiv-
ities with increasing temperature were not consistent. As usual, 
decreased with increasing temperature in most cases, but for SAs
1 and 5 on ZWIX(−)TM increased  values were measured. Reso-
lution usually decreased with the increase in temperature on both
ZWIX(+)TM and ZWIX(−)TM CSPs. However, an increasing tendency
was registered for SAs 1, 3, 4 and 16 on ZWIX(−)TM.
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In order to calculate the thermodynamic parameters, van’t Hoff
lots were constructed. Data presented in Table 3 illustrate that
(H◦) ranged from −4.3 to −0.7 kJ mol−1 on ZWIX(+)TM, and from
4.1 to +1.2 kJ mol−1 on ZWIX(−)TM. (S◦) ranged from −7.4 to
0.9 J mol−1K−1 on ZWIX(+)TM, and from −6.7 to +4.5 J mol−1 K−1
n ZWIX(−)TM. Under the conditions where (H◦) was  negative,
(S◦) was also negative, and positive (H◦) was  accompanied
y positive (S◦). On ZWIX(−)TM, the positive (S◦) for SAs 1
nd 5 compensated the positive (H◦) and resulted in negative
(G◦) values (Table 3).
The relative contribution of the enthalpic and entropic terms
o the free energy of adsorption can be visualized by the
nthalpy/entropy ratios Q = (H◦)/298 x (S◦) (Table 3). When
 > 1, the separation was enthalpically driven, while in the case of
 < 1, it was driven by entropy. A comparison of the Q values for the
nvestigated analytes revealed that enantioselective separation, in
ost cases, was enthalpically driven. Exceptions were SAs 1 and 3
n ZWIX(−)TM: when the Q values were 0.9 and 0.4, respectively,
eparations were driven by entropy.
. Conclusions
HPLC methods in PI mode were developed and discussed
ith a mechanistical focus for the separation of enantiomers of
ree cyclic ˇ-amino acids, including their N-methyl, N,N-dimethyl
nd N-amidino derivatives by using Cinchona alkaloid- and chi-
al sulfonic acid-based CSPs, namely, Chiralpak ZWIX(+)TM and
WIX(−)TM. The retention behavior and resolution proved to be
elated to double ion-pairing interaction mechanism depending
n both mobile phase compositions and temperature but also
n structural features of the analytes. In this comprehensive and
ystematic study we could demonstrate that the direct enan-
ioseparation of non-methylated, N-methyl-, N,N-dimethyl- and
-amidino-substituted cyclic ˇ-amino acids can be carried out
uccessfully on the zwitterionic ZWIX(+)TM and ZWIX(−)TM CSPs.
eparation of the enantiomers of N-Fmoc-protected cyclic ˇ-amino
cids, in turn, could not be achieved because of the violation of the
ouble ion-pairing concept. By the methylation of the amino group,
he spatial size (van der Waals volume) of the positively charged
ite increases, which led eventually to a lower electrostatic interac-
ion strength with the acidic sulfonic acid site of the CSP resulting
n lower retention factors. The N-amidino substitution may  result
n an additional hydrogen bonding increment which led eventually
lso to a signiﬁcantly higher enantioselectivity.
The values of the thermodynamic parameters, such as the differ-
nce in the standard enthalpy change (H),  entropy (S), and
ibbs energy (G),  depended on the structures of both the SAs
nd the chiral SOs used. Both enthalpically- and entropically-driven
eparations could be observed. In most cases the elution order
as determined and found to be opposite on the ZWIX(+)TM and
WIX(−)TM columns (when enantioseparation could be achieved).
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